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In this event-related functional magnetic resonance imaging (fMRI) study, participants
listened to and comprehended short stories implying or explicitly stating inference events.
The aim of this study was to examine the neural mechanisms that underlie inference
generation, a process essential to successful comprehension. We observed distinct patterns

Keywords: of increased fMRI signal for implied over explicit events at two critical points during the

Causal inference stories: (1) within the right superior temporal gyrus when a verb in the text implied the

Comprehension inference; and (2) within the left superior temporal gyrus at the coherence break or when
Language participants need to generate an inference to understand the story. To find the most
Semantic processing compelling evidence of neural activity during inference generation, we examined fMRI
fMRI signal at these two critical points separately for people with high working memory capacity
Lateralization

(i.e., those individuals who are most likely to draw inferences during text comprehension).
Interestingly, high working memory individuals showed greater fMRI signal for implied than
explicit events in the left inferior frontal gyrus at the coherence break compared to low
working memory individuals. This present study provides evidence that areas within the
superior temporal gyrus and inferior frontal gyrus are heavily recruited when individuals
generate inferences, even during ongoing comprehension that demands many cognitive
processes. In addition, the data suggest that the right hemisphere superior temporal gyrus is
particularly involved during early inferential processing, whereas the left hemisphere
superior temporal gyrus is particularly involved during later inferential processing in story
comprehension.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction his jeans, so he went to his bedroom to find some clothes.
Soon he came out wearing his tuxedo.” After reading the
last sentence in the passage, readers need to generate the

inference that John changed his clothes to understand why

When readers comprehend text, they carry out a variety of
cognitive processes. One process essential for successful

text comprehension is the generation of causal inferences.
Specifically, readers must make connections between
causes and their consequences when events are inferred
in a text. Consider the passage: “John was going to a
wedding tonight. He had been sitting around the house in

* Corresponding author. Fax: +1 773 325 7888.
E-mail address: svirtue@depaul.edu (S. Virtue).

he was wearing jeans but is now wearing a tuxedo. If
readers do not generate this inference, they reach a gap in
understanding (i.e,, a coherence break) and would likely
have difficulty comprehending further information in the
text.
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Drawing inferences is critical to understanding discourse,
and a large literature discusses the characteristics of the text
(Graesser et al., 1994; Kintsch, 1988; Kintsch and van Dijk, 1978;
McKoon and Ratcliff, 1992; van den Broek, 1990) and the
characteristics of the individual (Estevez and Calvo, 2000; Just
and Carpenter, 1992; Linderholm, 2002; Linderholm and van
den Broek, 2002; Singer et al., 1992) that affect what inferences
are drawn and when. However, relatively little attention has
been given to the neural activity that occurs during inference
generation and how this activity supports specific cognitive
processes that likely enable people to draw inferences. In the
current study, we investigate the neural activity that occurs
when people draw inferences and we propose possible ideas
for specific cognitive processes that may be essential during
inference generation and throughout text comprehension in
general.

The focus of the current study is on text comprehension
and on connective inferences that facilitate comprehension
(i.e., causal inferences). Other types of inferences occur
outside the domain of text comprehension, such as inferences
made during logical reasoning (Goel and Dolan, 2004; Noveck
et al., 2004). While both types of inferences may share some
component processes, they are also likely to differ. For
instance, inferences during text comprehension occur rapidly
and easily—indeed they can be difficult to inhibit—whereas
logical inferences may occur deliberately during effortful
problem solving.

There are several types of inferences that individuals can
draw during discourse comprehension.! In this study, we
investigate a particular type of causal inference or a connection
between an antecedent and a consequence, known to be
important to the successful comprehension of text. The text
comprehension literature distinguishes between two major
types of causal inferences: predictive (i.e., forward) inferences
and bridging (i.e., backward) inferences. When readers gener-
ate predictive inferences, they generate expectations about
what events will happen nextin a text. When readers generate
bridging inferences, they link current text information with
previous text information or information from their back-
ground knowledge to fill in a causal gap. By using the divided
visual field paradigm—when subjects respond to inference-
related words presented to one visual field to index semantic
processing in the contralateral hemisphere—researchers have
shown that each hemisphere differently processes informa-
tion that supports predictive and bridging inferences. Specif-
ically, the right hemisphere is more sensitive than the left
hemisphere to concepts related to predictive inferences (Bee-
man et al., 2000), to anaphoric inferences (i.e., a specific type of
bridging inference) with multiple antecedents (Virtue and van
den Broek, 2005), and to bridging and predictive inferences
preceded by weakly constrained text (Virtue et al., in press). In

* One type of inference often cited in the theory of mind (TOM)
literature links characters’ mental states to explain and predict
behavior during the comprehension of stories. For example, stu-
dies have shown that specific neural activity occurs when
individuals infer the intention of others’ mental states (Fletcher
et al.,, 1995; Rilling et al., 2004). Although these inferences about
characters’ states of mind can be important, the current study
focuses on a different set of inferences about physical events that
do not necessitate consideration of the characters’ state of mind.

contrast, the left hemisphere is more sensitive than the right
hemisphere to concepts related to bridging inferences (Beeman
et al., 2000), to anaphoric inferences with one antecedent
(Virtue and van den Broek, 2005), and to predictive and bridging
inferences preceded by strongly constrained text (Virtue et al.,
in press). Thus, the two hemispheres seem to process semantic
information differently (Chiarello et al., 1990) as comprehen-
ders generate inferences.

Recent functional magnetic resonance imaging (fMRI)
studies have extended these findings by exploring the neural
substrates related to inference generation (Mason and Just,
2004). We propose that two specific areas will be heavily
recruited during inference generation: the superior temporal
gyrus (STG) and the inferior frontal gyrus (IFG). Areas within
the STG—extending into the superior temporal sulcus (STS)
and often into the middle temporal gyrus (MTG)—may be
important, among other things, during the semantic integra-
tion of inferential information (Jung-Beeman, 2005). For
example, activity in the STG increases as individuals read
sentence pairs that are causally linked (Mason and Just, 2004),
read texts without titles (St. George et al., 1999), detect
inconsistencies in story information (Ferstl et al., 2005), solve
insight problems (Jung-Beeman et al.,, 2004), and carry out
syllogistic reasoning (Goel and Dolan, 2001). To complete these
tasks, participants need to connect information that is not
explicitly stated. For example, when participants are given
texts that are difficult to comprehend without a title, they
must link several pieces of information in a text with
information from their background knowledge. The ability to
connect this information that is not explicitly stated may
occur in a similar manner as when readers connect informa-
tion during inference generation. Areas within the IFG may be
important, among other things, during the semantic selection
of inferential information. For example, activity in the IFG
increases as participants choose between several alternative
answers (Barch et al.,, 2000; Thompson-Schill et al., 1997). In
addition, neural activity in IFG increases when individuals
generate a single use or action associated with a presented
noun (Posner et al., 1988). Usually, the left IFG is predomi-
nantly active during the generation of nouns, however, the
right IFG is also active when people generate an unusual use or
action for a noun (Seger et al., 2000). To complete these tasks,
participants need to select semantic information among
competing alternatives. A similar process of selecting the
appropriate information could also occur when comprehen-
ders need to select an inference during inference generation.
Thus, areas within the STG and IFG are likely to play
important, and possibly different, roles during the processing
of inferences.

There is some evidence that areas within the STG and IFG
are involved in drawing inferences. For example, fMRI signal
increases in the right STG as textual constraints demand
greater inference generation (Mason and Just, 2004) and signal
in the right IFG increases as the text encourages readers to
connect information across sentences (Robertson et al., 2000).
However, several essential questions remain unanswered
about how exactly the STG and IFG may be involved during
inference generation. First, is the neural activity found within
the STG and IFG in previous studies apparent throughout text
comprehension or are these brain areas highly involved at
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different times during the generation of inferences? Based on
behavioral findings, we know that inferential processing can
vary at different points throughout a text. For example, when
people comprehend events that are implied in a text, they
show greater priming for inference-related words than unre-
lated words in the right hemisphere. However, when people
comprehend text when a coherence break occurs, they show
greater priming for inference-related words than unrelated
words in the left hemisphere (Beeman et al., 2000). Although
the hemispheric processing of text varies throughout compre-
hension, previous neuroimaging research has measured
neural activity over entire blocks of text (Robertson et al,,
2000) or during pairs of sentences (Ferstl and von Cramon,
2001; Mason and Just, 2004). Thus, it is difficult to know if these
results generalize to neural activity found at different times
throughout the entire process of inference generation.

With recent advances in neuroimaging techniques, infor-
mation about the time course of neural activity during
inference generation can be obtained. Specifically, by using
an event-related fMRI design, we will investigate the neural
activity that occurs at two critical time points: when the verb
in a text implies an inference in a text (i.e., verb point) and
when comprehenders must generate an inference to establish
coherence (i.e., a coherence break). Because we are able to
examine neural activity at critical time points throughout text
comprehension, we also will be able to present more
naturalistic texts (i.e., stories that consist of multiple sen-
tences) in this study.

Second, will increases in neural activity within the STG and
IFG during inference generation be apparent even in the
presence of other ongoing text comprehension processes?
While comprehending a passage, people have many concepts
available to them that are related to many different infer-
ences. Thus, it is quite possible that fMRI signal related to
specific inferences could be drowned out by a cacophony of
other processes that occur during text comprehension. For
example, the specific inferences that are generated and when
they are generated depend on factors related to the individual
comprehender (e.g., goals for comprehension (Linderholm and
van den Broek, 2002), working memory capacity (Estevez and
Calvo, 2000; Linderholm, 2002), background knowledge (Graes-
ser et al., 1994; Singer et al,, 1992), and the text (e.g., the
number of causal connections, the more strongly the text
points to a specific event, and the presence of coherence
breaks or contradictions (van den Broek, 1990; Virtue et al., in
press)). Behavioral (Estevez and Calvo, 2000; Linderholm, 2002)
and electrophysiological (St. George et al., 1997) evidence show
that high working memory comprehenders are more likely
than low working memory comprehenders to generate
inferences. Thus, to find the most compelling evidence of
inference generation during text comprehension, we will
examine neural activity within the STG and the IFG in
comprehenders who are most likely to generate an inference,
specifically, participants who have high working memory
capacities.

In the current study, we will investigate the neural activity
as comprehenders process inferences at two critical time
points during story comprehension: when the verb in a text
implies an inference and at the coherence break. To minimize
the effects of other factors in the text at these two time points,

the stories we contrasted vary in only a few words which were
necessary to either imply or explicitly state the inference. By
using an event-related fMRI design, we will measure neural
activity at these two critical time points as participants
comprehend naturalistic stories that contain multiple sen-
tences. In addition, we will examine fMRI signal in high
working memory capacity individuals, who are most likely to
show evidence of inference generation.

2. Results
2.1. Participants and comprehension task performance

Data from seventeen Northwestern University undergradu-
ates (12 females and 5 males, all right-handed native English
speakers) were included in the analyses. To encourage
comprehension, we asked participants true/false questions
about the stories after each imaging run. Two additional
participants who answered fewer than 63% of the compre-
hension questions correctly were not included in the analyses.
The remaining 17 participants answered on average 87% of
the comprehension questions correctly (SD = 7.59%, range
75-100%).

2.2. MR results

At each of the two critical time points, we contrasted fMRI
signal from 40 implied events (e.g., to find some clothes) to
fMRI signal from 40 explicitly stated events (e.g., to change his
clothes) that occurred while participants comprehended 20
short stories. At the verb point, fMRI signal increased more
following implied events than following explicit events in the
right superior temporal gyrus (Table 1; Fig. 1). This cluster in
the right STG has two separate foci (one at 44, -20, 10; the
second at 58, 16, 6). Later in each passage at the coherence
break, fMRI signal increased more following implied events
than following explicit events in one cluster above threshold
in the left STG (centered at -54, -46, 6 with a volume of
3750 mm?) and a second cluster just below the threshold
(centered at -48, 3, —19 with a volume of 460 mm?) (Table 1;
Fig. 2). Other brain areas are highly active throughout story
comprehension; some of these could contribute to drawing
inferences, without showing increased fMRI signal above this
high baseline. However, because no other clusters of voxels
reliably differed across implied and explicit events at either
time point, we have no evidence of inference-specific activity
in other brain areas.

Previous behavioral studies indicate that high working
memory individuals are more likely to generate inferences
than low working memory individuals (St. George et al., 1997).
Thus, we expected to see the best evidence of inference-
related processing in the superior temporal gyrus and in the
inferior frontal gyrus in individuals with high working
memory capacity. Indeed, in the current study, individuals’
working memory scores correlated with the strength of fMRI
signal increases in the left STG for implied relative to explicit
events at the coherence break (r = 0.38, p < 0.05; one tailed).
Therefore, we separately analyzed the fMRI data of the high
working memory group to identify clusters showing stronger
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Table 1 - All areas larger than 400 mm3 at p < .005 showing stronger fMRI signal for implied events compared to explicitly

stated events following the verb point and the coherence break

Critical event Gyrus/ Brodmann Volume Center Mean Maximum Mean Maximum Maximum t
Structure area Coordinates percent percent t t coordinates
signal signal —
X y z X y z
Verb point
Implied > Explicit Right superior 41,22 1391 49 -19 ¢ 0.16 0.10 3.7 4.8 46 -18 10
temporal gyrus
Coherence break
Implied > Explicit Left middle and 21, 22 3750 -54 -46 6 0.21 0.33 3.8 5.3 -56 -53 5
superior temporal
gyrus
Left middle 21 460 -48 3 -19 0.16 0.20 3.6 4.2 -46 4 -24

temporal gyrus

All clusters are shown in descending order of average percent signal change. Location of cluster centers and peak t values are shown in Talairach

coordinates.

fMRI signal for implied than for explicit events in the texts. We
also directly contrasted fMRI signal change for implied relative
to explicit events in the high working memory group to that of
the low working memory group. All clusters for these
comparisons at both the verb point and the coherence break
over 400 mm? at p < 0.005 are reported in Table 2 (and for the
sake of completion, the implied versus explicit comparison
within the low working memory group is also reported).

At the verb point, the high working memory group showed
stronger signal for implied than explicit events in the posterior
cingulate, but not in any of the predicted areas (i.e., the STG
and the IFG). Similarly, the contrast between high and low

R Posterior

Anterior L

working memory groups at the verb point did not reveal
evidence of greater fMRI signal for implied than explicit events
in these areas. However, at the coherence break, the three
largest clusters showing stronger signal for implied than for
explicit events in the high working memory subjects were
precisely the areas predicted to be important for inference
generation: the right STG, the left STG, and the left IFG.
Moreover, in directly contrasting the two groups at the
coherence break, the largest areas showing stronger signal
change for implied over explicit events for the high working
memory group than for the low working memory group were
in left IFG/anterior insula and the left STG (Table 2; Fig. 3). For

p <0.001

L

Time (s)

p <0.005

B i Cc

: —a— Implied : —
E‘) 04 7 = == * Explicit 0.4 - —e— Implied - Explicit
3 T i
£ 031 W as —g\\ . 03
= 02- ::’"L} : A 0.2 -
5 .‘} ] Ny
= 0.1 4 k- “% = *I.:_j_j% 0.1 4
s 0 I 01— —= I
5 0.1 I\i
d-o -0.1 T T T T T T - T T T T T T 1

Time (s)

Fig. 1 - fMRI signal in the right superior temporal gyrus following the verb point. (A) Voxels showing stronger fMRI signal for
implied events compared to explicitly stated events (t = 3.25, p < .005) following the verb point overlaid on the averaged
normalized structural image of all subjects. The cluster is in right superior temporal gyrus with a cluster volume of 1391 mm?;
with the peak tvalue of 4.8 occurring at 46, -18, 10. (B) Group average signal change in percent signal for the seven observed
time points following implied events (orange solid line) and explicitly stated events (orange dashed line) across the entire
right superior temporal gyrus. Error bars represent the standard error of the mean signal change at each time point. (C)
Implied event signal minus explicit event signal across the active region in right superior temporal gyrus. Error bars show the
standard error of the mean of the difference at each time point.
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Fig. 2 - fMRI signal in the left superior temporal gyrus following the coherence break. (A) Voxels showing stronger fMRI signal
for implied events compared to explicitly stated events (t = 3.25, p < .005) following the coherence break overlaid on the
averaged normalized structural image of all subjects. The cluster is in left posterior superior temporal gyrus with a cluster
volume of 3750 mm?; with the peak t value of 5.3 occurring at -56, -53, 5. (B) Group average signal change in percent signal for
the seven observed time points following the coherence break for implied events (orange solid line) and explicit events (orange
dashed line) across the entire left superior temporal gyrus. Error bars show the standard error of the mean of the difference at
each time point. (C) Implied event signal minus explicit event signal following the coherence break across the active region
in left superior temporal gyrus. Error bars show the standard error of the mean of the difference at each time point.

the high and low working memory comparison at the
coherence break, there was also a reliable cluster in left
ventral anterior cingulate; the next biggest cluster was in the
right STG (centered at 51, 21, 5), but it was smaller than our
size threshold with a volume of 344 mm?.

3. Discussion

We observed greater fMRI signal, indicating increased
neural activity in several brain areas, when people com-
prehend stories that imply causal events than when people
comprehend stories that explicitly state causal events. This
increase in fMRI signal was observed with naturalistic texts,
using fMRI as a covert measure. That is, participants
merely comprehended stories without performing any
concomitant secondary task during comprehension. These
processing differences were observed over and above the
demanding processing required for ongoing comprehension
of the texts, despite the fact that the texts differed by only
a few words and were identical at the coherence break. In
addition, we found evidence that this neural activity varied
at specific times during inference generation and for
comprehenders with different levels of working memory
capacity.

These results lead to interesting speculations about what
cognitive processes may be involved during the generation
of inferences. The increases in fMRI signal for implied
events compared to explicit events suggest that unique
cognitive processes may be utilized when comprehenders

generate inferences. As predicted, the current study found
greater signal for implied than explicitly stated events in the
STG.?> This is consistent with a proposal that inference
generation requires semantic activation, integration, selec-
tion, and/or incorporation of the inferred concept, with
distinct brain areas involved in each of these processes
(Beeman, 1993; Beeman et al., 2000; Jung-Beeman, 2005;
Jung-Beeman et al, 2004). For example, comprehending
passages that imply events may make semantic integration
more difficult than comprehending passages that explicitly
state an event. In fact, increased semantic integration has
been associated with increased activity in the STG (as in our
study, sometimes extending into STS and MTG) (Goel and
Dolan, 2001; Jung-Beeman et al., 2004; Mason and Just, 2004;
St. George et al., 1999).

This model of inferencing (Beeman, 1993; Beeman et al,,
2000; Jung-Beeman, 2005; Jung-Beeman et al., 2004) further
suggests that comprehenders must select the appropriate
semantic concept to resolve a break in coherence (e.g, to
select the concept changed). Increased semantic selection
has been associated with increased activity in the inferior
frontal gyrus (Barch et al, 2000; Frith et al., 1991; Seger

2 Although parts of both superior temporal gyrus clusters
extend close to auditory cortex, both implied and explicit events
in the stories contained equivalent levels of auditory input.
Moreover, while our stories were presented auditorily, similar
regions have been identified in several recent studies with
visually presented words in which the signal was interpreted as
reflecting increased lexical-semantic integration (Jung-Beeman
et al., 2004; Kircher et al., 2001).
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Table 2 - All areas larger than 400 mm3 at p < 0.005 showing fMRI signal for implied events compared to explicitly stated

events in high working memory subjects, a comparison of high and low working memory subjects, and in the low working

memory subjects following the verb point and the coherence break

Critical event Gyrus/ Brodmann Volume Center Mean Maximum Mean Maximum Maximum t
Structure area coordinates percent percent t t coordinates
— signal signal
X y z X y z
High working memory subjects
Verb point
Implied > Explicit Right posterior 23,31 641 5 -63 16 0.23 0.33 5.0 8.6 3 -61 18
cingulate
Coherence break
Implied > Explicit Right superior 22 953 54 -17 3 0.21 0.30 4.9 7.0 48 -18 3
temporal gyrus
Implied > Explicit Left superior 22 781 -55 =27 3 0.32 0.40 4.6 6.8 -56 -21 5
temporal gyrus
Implied > Explicit Left inferior 22 406 -36 27 -4 0.23 0.29 5.4 9.9 36 29 -4
frontal gyrus
High-Low working memory subjects
Verb point
HWM > LWM Left inferior 40 750 -59 -27 34 0.37 0.52 3.8 4.8 -59 -28 35
parietal lobule
LWM > HWM Right cingulate 32 531 1 31 26 0.48 0.63 4.0 -5.0 1 34 23
gyrus
Coherence break
HWM > LWM Left inferior 47,13 1031 -40 20 0 0.42 0.57 3.8 5.0 -46 14 -4
frontal gyrus/
Left insula
HWM > LWM Left superior 21 812 -58 -29 0 0.41 0.55 3.7 4.6 -59 -31 -2
temporal gyrus
HWM > LWM Left ventral 25 594 -5 14 -9 0.34 0.44 3.9 5.5 -4 14 -7
anterior
cingulate
Low working memory subjects
Coherence break
Implied > Explicit Left superior 22 797 -55 -49 4 0.24 0.34 4.5 6.2 -54 -46 3
temporal gyrus
Implied > Explicit Left middle 37 656 -42 -69 4 0.17 0.23 4.6 6.5 -36 -74 0
occipital gyrus
Explicit > Implied Left insula 13 562 -36 16 4 0.20 0.26 4.7 -6.9 -36 16 5
Implied > Explicit Left fusiform 20 531 -38 -41 -12 0.15 0.20 4.9 9.2 -39 -4 -10

All cluster sizes are shown in descending order of average percent signal change. Location of cluster centers and peak t values are shown in

Talairach coordinates.

et al., 2000; Thompson-Schill et al.,, 1997). Consistent with
this idea, the current study found greater IFG activity for
implied relative to explicit events at the coherence break
in high working memory participants than in low
working memory participants. Thus, it is likely that in
this study the high working memory comprehenders were
selecting the inference when they reached a coherence break
in the text more often than were the low working memory
comprehenders.

It is also possible that the IFG activation found for high
working memory comprehenders reflects a different, but
equally important, cognitive process other than semantic
selection. For example, researchers have proposed that IFG
activity is a reflection of difficulty or effortful processing
(Mason and Just, 2004). However, an a priori assumption
might be that low working memory participants would have
more difficulty than high working memory participants
comprehending the implied events—yet they show less

signal change in the IFG as well as in the left STG.
Alternatively, this IFG activity could reflect effort in cognitive
mapping (Robertson et al., 2000) or additional semantic
retrieval processes (Wagner et al., 2001) that are carried out
to help comprehenders organize information to create a
coherent representation of a story. Whatever the specific
process is that is carried out in the IFG, it seems to be
important for completing causal inferences and occurs more
strongly in high than in low working memory comprehen-
ders. Thus, event-related fMRI may be a useful tool to
identify specific cognitive processes, and their underlying
neural mechanisms, involved when people draw causal
inferences.

With respect to hemisphere differences, previous studies
demonstrated that, when an event is inferred in a text,
inference concepts are more accessible in the right hemi-
sphere than in the left hemisphere (Beeman et al., 2000).
Therefore, it was not surprising that early in the inference
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Fig. 3 - fMRI signal in left inferior frontal gyrus following the coherence break for high working memory (HWM) participants
compared to low working memory (LWM) participants. (A) Voxels showing stronger fMRI signal for implied events compared to
explicitly stated events for high working memory subjects compared to low working memory subjects following the coherence
break overlaid on the averaged normalized structural image of 8 high working memory subjects and 9 low working memory
subjects. Three clusters are over 500 mm? at the standard threshold of t = 3.28, p < .005: one cluster is in the left inferior
frontal gyrus/insula with a volume of 1031 mm?, the second cluster is in the left superior temporal gyrus with a volume of
812 mm?®, and the third cluster is in the left anterior cingulate with a volume of 594 mm?>. (B) Average signal change in
percent signal for the seven observed time points following implied events (blue solid line) and explicitly stated events
(blue dashed line) across the entire left inferior frontal gyrus/insula for high working memory subjects. Error bars show the
standard error of the mean of the difference at each time point. (C) Implied event signal minus explicit event signal
following the coherence break for high working memory subjects (blue solid line) compared to low working memory subjects
(green solid line) across the active region in the left inferior frontal gyrus. Error bars show the standard error of the mean of the
difference at each time point. (D) Average signal change in percent signal for the seven observed time points following
implied events (green solid line) and explicitly stated events (green dashed line) across the entire left inferior frontal gyrus/
insula for low working memory subjects. Error bars show the standard error of the mean of the difference at each time point.

generation process the right STG showed the strongest
signal for implied events compared to explicit events. Signal
in the right STG has been observed for a variety of linguistic
tasks emphasizing semantic integration (Ferstl et al., 2005;
Goel and Dolan, 2001; Jung-Beeman et al., 2004; Kircher et al.,
2001; Mason and Just, 2004; St. George et al, 1999). The
involvement of right hemisphere language areas, generally
(Meyer et al,, 2000), and right anterior temporal areas,
specifically (Ferstl et al., 2005), has often been attributed to
increased difficulty without specific formulation of what
processes are involved. However, in the current study at the
coherence break, implied events elicited increased activity in
the right STG of the high working memory group, who would
be expected to have less difficulty drawing inferences. At the
verb point, activation for implied events was moderately
correlated with increased performance on comprehension
questions, though this was not statistically reliable (r = 0.37,
p < 0.1; one tailed).

Although the different versions of the stories in the
current study did not differ in content at the coherence
break, they did differ in processing demands and fMRI
signal in the STG. Consistent with prior behavioral work

(Beeman et al., 2000), this effect was predominantly in the
left hemisphere. Thus, the verb that implied or explicitly
stated inference events in previous sentences influenced
how comprehenders processed later semantic information
when generating inferences later at the coherence break.
These results suggest that the right STG may initially be
more sensitive than the left STG to causal connections in a
text (Beeman, 1993; Beeman et al, 2000) and ultimately
engage additional processes earlier than the left STG. The
current results cannot conclusively determine whether the
signal in the STG reflects increased effort to semantically
integrate the story, successful integration, or some other
cognitive process. In fact, it is possible that both semantic
integration and effort to integrate information are occurring,
especially in comprehenders who may have more cognitive
resources available to them (e.g., high working memory
individuals).

A few pieces of evidence suggest that the activity in the
anterior STG of high working memory participants might
reflect successful semantic integration. In the current study,
two patterns of STG activity were apparent at the coherence
break: high working memory participants showed activity in
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mid-anterior STG and low working memory participants
showed activity in posterior STG. Speculatively, this may
reflect that high working memory participants have suc-
cessfully generated the inference and in fact may be
incorporating them into memory (e.g., integrating the
specific information that John changed from jeans into a
tuxedo). In contrast, low working memory participants may
be still activating information to try to resolve information
related to the inference at the coherence break. These group
differences did not surpass strict criteria, so this interpreta-
tion is tentative, but it fits nicely with other results (Jung-
Beeman et al, 2004; Kircher et al., 2001). Finally, prior
behavioral studies (Beeman, 1993) suggest that specific
inference-related concepts are available in the right hemi-
sphere prior to the coherence break—at a time analogous to
when the verb implied the inference in the current expe-
riment when we observe greater neural activity for implied
than explicit events in the right STG. In addition, inference-
related concepts are more accessible in the left hemisphere
at the coherence break—at the time when increased fMRI
signal for implied events compared to explicit events
occurred predominantly in the left STG. When considering
all the evidence, we propose that neural activity in the right
STG when the inference event was inferred likely reflects
successful semantic integration. However, future studies are
still needed to further delineate semantic integration effort
from successful semantic integration, let alone incorporation
of inferences into story representations.

Based on these results, two important issues must be
considered. First, we propose that the brain areas involved
in this study are not the only areas involved during
inference generation. Rather, areas within the superior
temporal gyrus and inferior frontal gyrus are likely part of
a larger collection of areas utilized during the comprehen-
sion of text. These brain areas are particularly taxed when
people draw inferences and are likely necessary for the
generation of a coherent situation model of a text (Long
and Baynes, 2002). Second, we propose that a network of
complex processes are involved during the generation of
inferences. The current study provides evidence of at least
two possible cognitive processes (e.g., semantic integration
and selection) that may be involved at two critical time
points (e.g., the verb point and the coherence break).
However, it is possible that other cognitive processes and
neural substrates are required for the generation of other
types of inferences (Ferstl and von Cramon, 2001), or even
for the type studied here, but may have not been observed
in our particular contrast. For example, it would be
interesting to examine the neural activity of different
types of inferences utilizing a lower baseline of neural
activity. In addition, future investigations could examine
the neural substrates involved during both causal infer-
ences during text comprehension and logical inference
generation during reasoning or problem solving (Goel and
Dolan, 2004; Noveck, et al., 2004). The current study was
aimed at identifying the neural substrates of causal
inferences that are essential to the successful comprehen-
sion of text. However, it is likely that, during both causal
and logical inference generation, similar cognitive and
neural processes may occur. Thus, it would be fruitful to

investigate the relation between these similarly named but
independently studied processes.

4, Conclusion

In conclusion, we observed distinct patterns of neural activity
as people draw inferences while comprehending short stories.
Importantly, we observed this with naturalistic stories using
very subtle alterations of the text, with no secondary task, and
in the presence of other ongoing processes during story
comprehension. These results provide evidence that, as
people generate inferences during comprehension, areas
within the superior temporal gyrus and inferior frontal gyrus
play important roles in creating a coherent representation of
text. Specifically, neural activity within the right superior
temporal gyrus occurred earlier during comprehension of
inference events, whereas activity within the left superior
temporal gyrus occurred at the coherence break. These fMRI
results nicely map onto prior work showing that the right
hemisphere is sensitive to appropriate inference concepts
earlier than is the left hemisphere. In addition, this study
found evidence of increased inferior frontal gyrus activity at
the coherence break for individuals with high working
memory capacity. Thus, this study provides support for the
critical role of the superior temporal gyrus and the inferior
frontal gyrus during the generation of inferences and, more
generally, when comprehending text.

5. Experimental procedures
5.1. Participants

Seventeen participants (5 men and 12 women, age range 18-
28) were native English speakers, right-handed (M = 0.83,
range 0.4 to 1.0), as assessed by a five-item preference
questionnaire (with a range of +1.0 to —1.0) (Bryden, 1982),
and without significant history of neurological disorders. All
had normal or corrected-to-normal visual acuity. The North-
western University Institutional Review Board approved all
experimental procedures, and written informed consent was
obtained from each participant.

5.2. Materials and procedures

During fMRI scanning, participants listened over headphones
to 20 stories describing 80 critical inference events. The
stories were played by an MRA, Inc. audio system. There was
no overt task during story comprehension. Specifically,
participants were instructed to listen carefully to each of
the stories and to be prepared to answer true/false questions
about them. The true/false questions did not refer to the
implied or explicit events and were presented on the screen
following each scanning run. Each story described four
episodes in which there was a central inference event in
each episode. In each of the four episodes, we created two
versions: one in which the verb implied an inference in a
text and one in which it was explicitly stated. To minimize
any effects due to other factors in the text, the two versions
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Table 3 - Sample story when the inference event was
implied or explicitly stated

Nancy called John to say she’d pick him up early for her

best friend’s wedding. John had been sitting around the

house in his jeans, so he went to his bedroom to find*

some clothes/to change his clothes. Soon he came out

wearing his tuxedo, > which had belonged to John’s father,

but was still fashionable and looked like new.

John was pleased that the tuxedo fit so well and was

in such good condition. But then John noticed that it was all
creased and wrinkled, so he got to work'/so he started ironing.
After a few minutes, his shirt was completely smooth?,

so he got dressed again, and put on his shoes. John knew

that Nancy would arrive any minute and wanted to have
everything ready so they could leave as soon as she got there.
John hurriedly pulled the blender out of the bag, got out the
scissors and tape, and set them all down'/started wrapping.
When John showed Nancy the box, she said it looked pretty in
the flowered paper?, so they carefully put the flowered box in the
car, and then drove to the wedding. The wedding took place out
in the country in an old church and the ceremony was beautiful.
After the ceremony, John and Nancy stood outside, their hands
full of rice, and waited" to see the newlyweds/threw it at the
newlyweds. Soon the rice was in their hair and clothes® and John
took pictures, while Nancy wished her friend a happy
honeymoon.

Note that the verb point (when the verb implied or explicitly stated
the inference) and the coherence break’ (when comprehenders
must generate the inference for successful comprehension) are
labeled for each of the four critical inference events in this story.

of the stories differed by only a few words (see Table 3). The
versions were intermixed so that for a given story each
participant heard two episodes with implied events and two
episodes with explicit events. Thus, each participant heard
40 episodes inferring the inference event and 40 episodes
explicitly stating the inference event. Half the participants
heard one set of stories, the other half heard a second set, so
that each episode was heard equally often in each version.
Within each episode, we examined two critical time points:
(1) the verb point, or the time at which a verb in a text
implied or explicitly stated the inference; and (2) the cohe-
rence break, or the moment story coherence was impaired
unless the inference was generated. Although the two
versions of the stories varied at the verb point, the stories
were identical at the coherence break. Thus, differences in
neural activity at the coherence break should result from
comprehender-driven processes reflecting interpretation of
the story based on information that occurred earlier in the
story. The distance between the verb point and coherence
break ranged from 2 to 8 s.

5.3. Reading Span task

Outside of the scanner, participants performed a reading span
task to assess working memory capacity (Singer and Ritchot,
1996). In this task, participants read aloud a set of sentences
that included between two and six sentences. After each set,
participants said aloud the last word in each set of sentences.
Then, participants were asked to recall two missing words
from one of the sentences in the set they had just seen

previously. The total number of final words recalled in the
reading span task was used to distinguish low from high
working memory capacity individuals. Using a median split of
the distribution of final words recalled (out of 44 final words
presented), eight participants were classified as a low working
memory capacity group (recalled 28-34 total words; M = 32.11,
SD = 2.32) and nine participants were classified as a high
working memory capacity group (recalled 35-41 total words;
M = 37.13, SD = 2.36). In addition to our analyses across all
subjects, we examined fMRI signal separately for implied and
explicit events in the high working memory group. We also
conducted analyses that directly compared fMRI signal for the
low and high working memory group, and we examined fMRI
signal separately for the low working memory group.

5.4. MR image acquisition

Imaging was performed at Northwestern University’s Center
for Advanced MRI using a 3 T Siemens Trio scanner and a
standard transmit/receive head coil. Head motion was re-
stricted with plastic calipers built into the coil and a vacuum
pillow. Anatomical high-resolution T1-weighted images were
acquired in the axial plane parallel to the ACPC plane at the
end of every session. Functional images were acquired in the
same axial plane as the anatomical images using a gradient
echo planar sequence (TR = 2 s allowing 38 slices 3 mm thick,
TE = 20 ms, matrix size 64 x 64 in 220 mm field of view). The
imaging sequence was optimized for detection of the BOLD
effect (Binder et al., 1999) including local shimming and 8 s of
scanning prior to data collection to allow the MR signal to
reach equilibrium. Participants listened to stories in three runs
(run1=9min, 16 s, run 2 =9 min, 32 s, run 3 = 8 min, 38 s);
across three runs, a total of 823 whole-brain volumes were
acquired. The total functional scan session took approximate-
ly 30 min with an additional 7 min to collect the anatomical
scan.

5.5. MR data analysis

Images were co-registered through time using a three-
dimensional registration algorithm (Cox, 1996). EPI volumes
were spatially smoothed by using a 7.5 mm full-width half-
maximum Gaussian kernel to accommodate residual ana-
tomical differences across participants and improve signal-to-
noise. Within each run, voxels were eliminated if the signal
magnitude changed more than 10% between time points
(TR = 2 s) or if the mean signal level was below a threshold
defined by the inherent noise in the data acquisition. Finally,
all of the runs were transformed (Collins et al., 1994) to
conform to a standard stereotaxic atlas (Talairach and
Tournoux, 1988) with a final isometric voxel size of 2.5 mm?.

Data were analyzed using general linear model (GLM)
analysis (D. Ward, Deconvolution Analysis of fMRI Time Series
Data, http://afni.nimh.nih.gov/afni) that extracted average
estimated responses to each trial type, correcting for linear
drift and removing signal changes correlated with head
motion. For each participant, event-related analyses con-
trasted fMRI signal for three TRs reflecting 4-10 s following the
implied events to that of explicit events at the two critical time
points. These two time points—the verb point and the
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coherence break—were determined by the auditory input;
participants made no overt responses during the stories. For
each time point, implied minus explicit difference scores from
each participant were combined in a second-stage random-
effects analysis to identify differences consistent across all
participants. A combination of two thresholds was used in
combination to determine significance: a p value of less than
0.005 and a cluster size greater than 500 mm?. Specifically, a
cluster size threshold was set at 500 mm? in volume (32
normalized voxels, contiguous or separated by no more than
5 mm; or 14 original-sized voxels) in which each voxel was
reliably different across all participants (t(16) > 3.25, p < 0.005
uncorrected). The t value corresponding to p < 0.005 differs in
our working memory analyses due to the different subjects in
each working memory group; high working memory group (t
(8) > 4.02), high compared to low working memory group (t
(16) > 3.28), and low working memory group (t(7) > 3.82). The
only significant clusters were in the STG, consistent with a
priori predictions: right hemisphere STG when the event was
implied and left hemisphere STG at the coherence break. For
each cluster presented in the tables, we report signal change
as a percent of average signal within the cluster.
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